A study was carried out to compare the performance of enzyme-linked immunosorbent assay (ELISA) and blood polymerase chain reaction (PCR) for diagnosis of paratuberculosis in cattle and sheep. For cattle, a set of 278 samples from 1 paratuberculosis-affected Friesian farm was used; it included 80 ELISApositive samples and 198 ELISA-negative samples from an age-matched group. Ninety-four samples were from heifers and 184 were from 2-5-year-old cows. The overall analysis showed a clear association (Fisher exact test [FET] P ϭ 0.0049) but a weak negative agreement (45.3%, kappa ϭ Ϫ0.1665 Ϯ 0.0994) between the 2 tests. It reflected a moderate agreement among heifers (87.7%, kappa ϭ 0.4471 Ϯ 0.2435) and a moderate disagreement among cows (62.7%, kappa ϭ Ϫ0.3670 Ϯ 0.1057). For sheep, 496 blood samples from 53 Latxa dairy flocks were used; 180 of the blood samples were from dam/offspring pairs. The overall association between the 2 tests on ovine samples was strong (FET, P ϭ 0.0005), whereas the agreement was low (kappa ϭ 0.1622 Ϯ 0.1188). There was slightly better agreement for ewes (kappa ϭ 0.2135 Ϯ 0.1992) than for lambs (kappa ϭ 0.1193 Ϯ 0.1301). There was also a highly unlikely proportion of dam/offspring positive results (FET, P Ͻ 0.0001, kappa ϭ 0.6269 Ϯ 0.1854). Four of 6 lambs that were necropsied 1 year after testing had paratuberculosis microscopic lesions in the ileocecal valve (3 lambs) or a PCR-positive result (4 lambs). These results suggest that blood PCR testing might be a potentially useful new approach in paratuberculosis diagnosis, especially in young animals.
However, this method has the drawbacks that it takes several weeks to yield a result and there is no good interlaboratory standardization (RH Whitlock, personal communication). Although the use of new growth detection methods can significantly reduce this time, 16 fecal culture is still an expensive and laborintensive technique. The alternative use of serological methods such as the enzyme-linked immunosorbent assay (ELISA) has become more popular because blood is a very convenient sample. Moreover, ELISA tests are fast and inexpensive and can be easily automated for processing large numbers of samples. However, the usefulness of serological tests is compromised by the variability of the immune response depending on the immunopathological form of paratuberculosis. For this reason, although several commercial ELISA tests are available, it is generally accepted that their sensitivity in detecting infected animals is only about 50%. 12 In fact, because of its low sensitivity, the ELISA test is rarely positive in animals under 2 years of age and frequently fails to detect individuals in the early phases of infection.
Detection of Mycobacterium avium subsp. paratuberculosis (MAP) by polymerase chain reaction (PCR) in fecal samples has been reported as an alternative to fecal culture because it allows quick detection based on amplification of IS900, an insertion sequence considered to be highly specific to MAP. However, this method has not gained widespread use probably because of high costs and low throughput as well as problems caused by PCR inhibitors present in feces. 2, 10 The advantage of PCR methods is that they can be easily adapted to a variety of samples. Because there have been several reports on the use of PCR in blood samples in cattle, 9, 15 this method was applied to a set of field samples to determine whether PCR testing of blood could be of any value in some stages of the infection as a complement to the ELISA test.
A set of 278 ethylenediaminetetraacetic acid (EDTA) blood samples of 1,016 tested in a Friesian dairy farm severely affected with paratuberculosis was used. All ELISA-positive animals were included (80 samples) as well as an age-matched ELISA-negative set (198 samples). Ninety-four samples originated from 6-month to 2-year-old heifers, and 184 were from 2-to 5-year-old cows.
A total of 496 single EDTA blood samples from Latxa dairy sheep in 53 flocks in the Basque Country of Spain were used. A total of 316 samples originated from 3-to 8-month-old lambs, whereas 180 were from ewes between 2 and 6 years of age. Of these, 180 lamb samples belonged to animals whose dam was also included in the study, and therefore, allowed a dam/offspring pair comparison.
Ten milliliters of blood was drawn from the caudal vein in cattle, or from the jugular vein in sheep, into EDTA vacuum tubes. After low-speed centrifugation, the plasma was transferred to an Eppendorf tube, and the cellular fraction was incubated with 0.83% ammonium chloride (1:2, vol:vol) for 20 minutes to lyse the red blood cells. Then, the tube was centrifuged for 10 minutes at 200 ϫ g, and the cell pellet was washed twice with phosphate-buffered saline (PBS) by centrifugation under the same conditions. Thereafter, the cells were transferred to 2-ml tubes and submitted to 3 freeze and boiling cycles before DNA extraction by chloroform-octanol separation. 8 Both the plasma and the purified DNA were stored at Ϫ20 C until use.
The absorbed ELISA test was performed to detect antibodies against MAP in the bovine and ovine samples following protocols reported previously for each species. 7 In brief, high absorption capacity polystyrene microtiter plates a were coated with 100 l/well of 0.04 mg/ml solution of paratuberculosis protoplasmatic antigen-3 (PPA-3) b and frozen at Ϫ20 C until use. The plasma samples were adsorbed (1:1) with a saline suspension of Mycobacterium phlei (5 g/liter) (laboratory grown strain from Dr. O. Fuentes, INIA, Madrid, Spain) to remove nonspecific anti-Mycobacterium spp. antibodies. After an overnight incubation at 4 C, the supernatants were diluted in PBS-Tween (0.05% Tween 80) pH 7.6 to 1/600 and 1/200 for cattle and sheep, respectively, and 100 l was added into duplicate wells of the antigen-coated plate. Cattle and sheep positive and negative control sera were included in every plate in duplicate according to the species tested. The positive control sera were obtained from 1 single culturally and histopathologically infected cattle or sheep. The negative sera were obtained from single animals from a herd or flock without any clinical history of paratuberculosis that were negative both by culture and by histopathological examination. After a 2-hour incubation period at room temperature (RT) in a humidified chamber, the plates were washed thrice with PBS-Tween. Protein G horseradish peroxidase conjugate c (0.025 g/ml) was added and incubation was repeated at RT for 2 hours. After 3 washes with PBS-Tween, 100 l of 2,2Ј-azino-di-(ethyl-benzythiazoline sulfonate) (ABTS) substrate c was added and plates were further incubated 20 minutes in the dark. The reaction was stopped with 50 l/well (2%) hydrofluoric acid, and optical density (OD) was measured in a spectrophotometer at double wave length (405/ 450 nm). The mean serum OD value was divided by the mean positive control OD, and this ratio was used as the final serum reading for scoring the sample as negative or positive. The ELISA cut-off was set by a sensitivity versus specificity plotting method 5 at the highest semi-sum of sensitivity and specificity for a specificity of at least 90%. It was 0.345 (95.1% specificity) in cattle and 0.200 (96.9% specificity) in sheep as determined by combined results of fecal culture and microscopic lesions from a set of 42 and 51 positive and 244 and 26 negative cattle and sheep, respectively. 7 A 2.5 l aliquot of extracted DNA was added to a PCR mix containing primers P90 and PT91 and Taq polymerase in a final volume of 25 l in 200-l tubes. 8 The tubes were placed in a thermal cycler d and subjected to a cycling profile consisting of 1 cycle at 96 C for 2 minutes, 45 cycles of 96 C for 15 seconds, 55 C for 15 seconds, and 74 C for 15 seconds, followed by an additional extension period of 10 minutes at 74 C. 8 Cross-contaminations were checked by intercalating 1 distilled water blank after each group of 23 samples during the extraction procedure. One additional negative control was included for every 46 samples during the PCR setup. The products were resolved by electrophoresis in a 2% agarose gel for 50 minutes at 150 V. A band of the expected 389 bp size matching the positive control was considered as a positive result. The target band from 6 positive samples was cut out, purified with a GFX PCR DNA and Gel Band purification kit, e submitted to a nested PCR, 13 repurified, and sent to a commercial subcontractor f for sequencing to verify the specificity of the reaction. The overall and age-group ELISA and PCR results were compared in a 2 ϫ 2 table by using Fisher exact test (FET). The agreement between the 2 methods was tested by the kappa index test at a 95% confidence interval. 5 Both analyses were carried out with the FREQ procedure of SAS statistical package. g Furthermore, a variable called complementary sensitivity (CS) was calculated as the ratio of positive results in only one method to the total number of positive results in the other method. This variable was meant to represent the additional detection efficacy of one method over the other, assuming both were highly specific.
A total of 136 cattle samples had a positive result by ELISA or PCR (48.9%). Of these, only 10 were positive by both methods, whereas 70 were positive only by ELISA and 56 only by PCR ( Table 1 ). The FET indicated that this distribution had a chance probability of 0.0049. The kappa coefficient had a value of Ϫ0.1665 Ϯ 0.0994 (95% confidence interval), indicating a low degree of negative agreement (45.3%). The CS for PCR and ELISA were, respectively, 106.1% and 70.0%. When results were analyzed according to age, heifers had a total of 18 positive results of which 6 were positive in both tests, 12 were positive by PCR alone, and none by ELISA alone ( Table 1 ). The FET indicated a probability of less than 0.0001, with a kappa value of 0.4471 Ϯ 0.2435, indicating a moderate agreement (87.7%). For this age group, the PCR CS was 200.0%, whereas the ELISA CS was 0.0%. When only adult cows were considered, there were 118 samples with a positive result in any method. Of these, only 4 were positive by both methods, 44 by PCR alone, and 70 by ELISA alone. The FET showed a probability of less than 0.0001, with a kappa value of Ϫ0.3670 Ϯ 0.1057, indicating a clear disagreement (62.0%). The PCR CS (59.5%) was much lower than the ELISA CS (145.8%). A total of 74 sheep samples had a positive result in any test. Of these, only 9 were positive in both tests, whereas 13 were positive by ELISA alone and 52 by PCR alone ( Table 2 ). The FET indicated a probability of less than 0.0005. The kappa index was 0.1622 Ϯ 0.1188 indicating a low degree of agreement (86.9%). The overall PCR CS was 236.4%, whereas the ELISA CS was only 21.3%. Among the lambs, 3 were positive by both tests, 1 by ELISA alone, and 36 by PCR alone ( Table 1 ). The FET indicated that this distribution was unlikely to be due to chance (P ϭ 0.0064), and the kappa index (0.1193 Ϯ 0.1301) indicated a lack of significant agreement (88.3%). For this age group, the CS was 900.0% for PCR and only 2.6% for ELISA. The ewes had 6 positive results by both tests, 12 by ELISA alone and 16 by PCR alone. The FET for these results indicated a probability of 0.0117. The kappa index indicated a fair agreement (0.2135 Ϯ 0.1992). The PCR and ELISA CS were 88.9% and 54.5%, respectively.
The dam/offspring analysis carried out on 180 ewe/ lamb pairs indicated that there was substantial agreement (92.8%) between PCR results (kappa ϭ 0.6269 Ϯ 0.1854) indicating a clear association between dam and offspring with regard to MAP apparent presence in peripheral blood ( Table 2 ). Of the 6 PCR-positive lambs necropsied 1 year after the tests were carried out, 3 showed small focal lesions in the ileocecal valve. All 3 lambs plus a fourth lamb that had no lesions were PCR positive in this tissue. The 6 PCR products that were sequenced showed over 98-99% homology with published sequences of the IS900 gene (GenBank accession numbers X16293, AF416985).
Because the absorbed ELISA with PPA-3 10 has generally been found to be much more specific than sensitive, it can be assumed that positive results are likely to correspond to truly infected animals. 12 The specificity of the PCR test, including the IS900-based test on fecal samples, is generally considered to be very high, although there are a few reports of false-positive results. 6, 4 Use of PCR on bacteria-free sample such as blood should be even more specific because unlike feces, blood should normally not contain bacteria that might share some homology with the MAP PCR target sequence. In fact, the cattle samples originated from a herd with a high incidence of clinical paratuberculosis, which provides a good degree of certainty that the animals were exposed to MAP. The fact that sequencing confirmed all 6 cases tested suggests that false-positive results were probably not a problem. Therefore, although no gold standard confirmation method was used, it was assumed that both methods correctly identified infected animals. Thus, the concept of CS intro-duced for paratuberculosis in this study appears to be a useful tool when no gold standard is available, and the methods being compared are known to be highly specific. In this situation, the CS provides a measure of the efficiency of combining methods to increase sensitivity.
The agreement between the 2 tests was low in general, and this was interpreted to mean that each method would detect different forms or stages of MAP infection because their respective targets (bacteria and antibodies) might not have parallel dynamics. This interpretation is consistent with the finding that young animals were more easily detected by PCR than by ELISA, possibly because MAP-loaded phagocytic cells would physiologically recirculate from the intestinal lymphoid tissue to other lymphoid locations very early after the infection, reinfection, or reactivation. 14 This should be expected to be more frequent among young animals newly exposed to MAP than in adults who are known to be more resistant to infection. On the contrary, because the antibody response is slow to develop and highly dependent on the total number of mycobacteria, only the most advanced cases should have detectable antibody responses. 11 The ELISA-positive and PCR-negative results are more difficult to explain under this hypothesis because they should correspond to animals with large numbers of mycobacteria. One likely explanation is that paratuberculosis pathogenesis might not be a progressive process, but it may rather have alternating peaks and troughs in the antibody levels 1 and bacteremia corresponding to successive relapses or reinfections. It would be important to further investigate this hypothesis because it implies a change in the current MAP pathogenesis paradigm.
The results of this study indicate that blood PCR may have a high potential as a complementary diagnostic test to ELISA because it might pick up the fraction of infected animals that ELISA tests usually fail to detect. In cattle, ELISA seemed to perform at similar levels of detection as PCR. However, in sheep, the blood PCR test clearly outperformed the ELISA in terms of positive results. This can be most likely related to the characteristics of the samples which, in the case of cattle, originated from a single paratuberculosis-affected herd and, in the case of sheep, originated from 53 different flocks of generally unknown MAPinfection status. On the other hand, the age seemed to have a major effect on detection by both methods. Indeed, the only test detecting all positive cases in heifers and almost all the positive cases in lambs was PCR, whereas in adults, the ELISA test yielded more positives.
From an epidemiological standpoint, the high prevalence of PCR-positive results in sheep blood might indicate that there are many MAP-carrier sheep that may sometimes develop very limited focal lesions but remain clinically normal. This situation would call into question the effectiveness of full eradication in paratuberculosis-control programs. The close association between PCR results in ewes and lambs is noteworthy because it indicates that the offspring of positive animals may be a greater risk of infection.
In conclusion, the data in this report present a new approach for paratuberculosis diagnosis on the basis of the complementary use of ELISA on plasma or serum samples and PCR on blood samples to increase overall sensitivity. There is a need for further research on the pathogenesis of MAP to determine whether bacteremia occurs and to validate the use of blood as a diagnostic sample.
